eruli of immunized LEW WKY chimeras were similar to those in immunized WKY rats at their inflammatory peak. Thus, glomerular inflammation was controlled by BM-derived non-T cell populations. However, unlike WKY rats, LEW WKY rats did not develop fibrosis until the end of experiments (84 days) in spite of persistent inflammation and albuminuria. Conclusion: Inflammation alone was not sufficient to trigger fibrosis, suggesting a critical role of glomerular cells in the fibrotic process. As LEW WKY chimera allows us to separate glomerular inflammation from fibrosis, this model provides a useful tool to study how fibrosis is initiated following inflammation.
Differentiating Glomerular Inflammation from Fibrosis in a Bone Marrow Chimera for Rat Anti-Glomerular Basement Membrane Glomerulonephritis
which permanently destroys glomerular architecture, is a key step toward the development of end-stage renal disease. Thus, interruption of glomerular fibrosis is an essential therapeutic goal for many types of glomerular diseases [3] . Intensive genetic studies have linked loci/genes to the GN susceptibility in rodent models [4] [5] [6] [7] . However, it remains unclear which loci/genes are specifically associated with the inflammation or fibrosis phase. Kidney and bone marrow (BM) transplantation have been used to identify those cells or genes responsible for each phase [8] [9] [10] . However, one potential problem for BM chimera model is regeneration of the host's BM, which may have led to conflicting results in those studies.
On the other hand, the molecular mechanism underlying fibrosis has been elucidated [11] . TGF-β/Smad pathway is critical in mesangial cell activation, as well as differentiation of fibroblasts, which in turn produce extracellular matrix proteins [12] [13] [14] . As in many other tissues, the development of renal fibrosis may be an outcome of cross-talk among the cells involved in the 2 phases. Such cross-talk determines the direction toward fibrosis or healing [15, 16] . More studies are required to understand the cross-talk during the transition from inflammation/injury to initiation of TGF-β/Smad pathway. It is necessary to develop models, in which the 2 phases of GN can be studied separately. These models will greatly facilitate the discrimination of aspects of the cross-talk between local cells and inflammatory cells.
In our rat anti-GBM GN model, GN is induced in Wistar Kyoto (WKY) rats by immunization with a T-cell epitope pCol (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) from autoantigen collagen 4α3 chain [17, 18] . T-cell-mediated inflammation is eventually terminated and replaced by progressive fibrosis after day 35 [19] . The Lewis (LEW) rats have identical MHC haplotype and mount a similar T-cell response to pCol (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) as WKY rats. Antigen-presenting cells of LEW rats can effectively present antigens to T cells of WKY rats, and vice versa [20] . However, LEW rats are GN-resistant [19] [20] [21] . In this study, BM chimeras between WKY and LEW were created to determine which cells or tissues were responsible for each phase. First, we estimated and minimized the regeneration of the host's BM to achieve more accurate interpretation of the results. Second, we combined BM chimera with co-transfer of recipients' T cells to determine which BM subpopulation(s) were responsible for GN. Importantly, we were able to segregate glomerular inflammation from fibrosis in a special chimera. Thus, the inflammatory and fibrotic responses were controlled by 2 different cell populations.
Our model may provide another tool to elucidate crossregulation between inflammatory cells and local tissue, which eventually leads to fibrosis.
Methods

Animals and Construction of BM Chimera
All procedures involving animals in this study was approved by the institutional animal welfare committee. Female WKT or LEW rats (4-6 weeks of age) (Harlan, Indianapolis, IN) were purchased for experiments. BM cells were harvested from donors (6-8 weeks old). Rats (200 g, 6 weeks old) were irradiated with γ-ray at a total dose of 60-100 Gy in the animal facility of M.D. Anderson Cancer Center, Houston, and transferred with 15 × 10 6 BM cells. The BM recipients were fed with neomycin-containing water (2 mg/ml) for 21 days. The chimeras were further immunized with pCol(28-40) at 28 days after BM grafting. The chimerism was determined by genotyping on peripheral blood leukocytes (PBLs) from the tail vein at day 21, and re-confirmed at the end of the experiment. Briefly, genomic DNA was isolated from various tissue or cells. PCR was performed using primers for 3 polymorphic microsatellites between LEW and WKY rats (D3R201, D13R133, and D1R221) (www.broad.mit.edu/rat/ public). In some cases, T cells were isolated from thymus or lymph nodes of naïve rats with a rat pan-T cell isolation kit (R&D System, Minneapolis, Minn., USA).
Induction and Evaluation of GN
Rats were immunized with peptide pCol(28-40) (0.15 μmol) emulsified in CFA, in one hind footpad and at the base of tail. Rats immunized with CFA alone, or without immunization, served as controls. GN was evaluated by albuminuria and renal histopathology. Randomly sampled urine was loaded to 12.5% SDS-PAGE, and albumin concentration was determined by comparison of a standard bovine serum albumin [20] . A metabolism cage was used to collect urine for 24 hours. A kit from Bio-Rad was used for measuring total urinary creatinine. Urinary albumin to creatinine ratio was calculated. BUN was determined by a colorimetric test kit (Sigma-Aldrich, St. Louse, Mo., USA). Kidney tissues were harvested. Glomerular inflammation was determined by combination of H&E, PAS and ED1 (i.e. CD68)/RT1B staining, and fibrosis by combination of PAS, collagen 1α1 (Col1α1) and α smooth muscle actin (αSMA) staining [22, 23] . Briefly, 50-100 glomeruli were selected on the sections with the same thickness (3 μm) for each rat, and 3 subsets of macrophages were counted, or relative Col1α1/ αSMA deposition areas were calculated (% of a glomerulus). The average >20 total macrophages/glomerular section was classified as 'inflammation'. Col1α1 deposition over 30%/glomerulus was classified as 'fibrosis'. Total GN score was expressed as a percentage of affected glomeruli. In some case, a portion of kidneys was fixed for transmission electron microscope (EM) following a published method [17] .
Antibodies PE-labeled anti-rat CD4 (OX35), CD3 (G4.418), CD11b/c (OX-42), and FITC labeled RT-1B (OX6), anti-rat CD4 (OX35), CD90 (Thy-1), and biotin-labeled CD8α (OX8), various rat IgG isotype controls were from Pharmingen BD (San Diego, Calif., USA). Monoclonal antibody to ED1 (CD68) was from Santa Cruz Biotech (Dallas, Tex., USA). Antibodies to Col1α1 and αSMA were from Abcam (Cambridge, UK) and Sigma-Aldrich (St. Louis, Mo., USA), respectively. FITC-labeled anti-rat IgG were from Southern Biotechnology (Birmingham, Ala., USA). Anti-rat CD32 (D34-485) was used for Fc block.
Cell Isolation and Flow Cytometry
A published method was followed for the isolation of glomeruli-infiltrating leukocytes (GILs) [19] . Briefly, glomeruli were purified to approximately 95% purity, followed by digestion with collagenase IV and Accutase RT (ICT, San Diego, Calif., USA) at 37 ° C for 30 min with periodic stirring. After elimination of digested fragments, the single cells were collected (1,000 rpm, 10 min). Cells were either stained by various pairs of antibodies for flow cytometry (FACSCalibur, BD), or for isolation of a certain population for genotyping. For flow cytometry of GIL populations, stained cells were first gated on FSC vs. SCC plot to enrich leukocyte population. The relative size of each population was calculated as a percentage of total gated cells [20, 21] . For depletion or isolation of a certain cell population, magnetic bead-conjugated antibodies were used on a cell sorter (AutoMACS Pro Separator, Miltenyi Biotec, Germany) [19] .
Immunofluorescences
For detection of IgG type autoantibodies to GBM, 3 μm frozen sections of frozen renal tissues were incubated with anti-rat IgG FITC. Immunofluorescence with antibodies to RT1B, ED1, CD4, CD8 and CD3 were used for the quantification of various inflammatory cells on kidney sections as described previously using identical thickness of sections (i.e. 3 μm) [20] . Antibody to rat Col1α1 and αSMA were used for identifying fibrotic tissues in the glomeruli. All sections were counter-stained by DAPI and observed with a digital fluorescent microscope (Eclipse 80i, Nikon, Tokyo, Japan). Digital images were recorded for evaluation.
In vitro Assay for Antigen Specific T Cell Response
An established method for measuring T cell proliferation was adapted to determine antigen specific response of T cells from immunized rats [17, 20] . Briefly, T cells were isolated from lymph nodes of immunized rats with a T-cell enrichment column (R&D System, Minneapolis, Minn., USA). T cells (2 × 10 5 cells) were incubated with irradiated thymocytes (2 × 10 5 cells) in 96-well plates in 200 μl of complete T-cell medium. Peptide pCol(28-40) (1-30 μ M ) was added to each well in triplicate. After 72 h incubation, the cells were pulsed with 3 [H]-thymidine, 0.5 μCi/well, for 18 h (ICN, Costa Mesa, Calif., USA) and harvested onto glass fiber filters. The incorporated radioactivity was measured by MicroBeta TriLux (Perkin Elmer, Waltham, Mass., USA), and the results were expressed as raw count per minute (cpm). Proliferation was also expressed as a stimulation index (experimental cpm at 30 μm/background cpm at 0 μm).
Statistics
One-way analysis of variance (ANOVA) with a post-hoc Tukey's HSD test was performed for comparison among more than 2 groups. Unpaired t test was used for data comparison between 2 groups. Significances were indicated as follows: * p < 0.05, * * p < 0.01, and * * * p < 0.001.
Results
Construction and Verification of BM Chimeras between GN-Susceptible WKY and GN-Resistant LEW
Chimeras in this study were expressed as a host strain (WKY or LEW) with superscript capital letters indicating MB donor strain. For example, in chimera WKY LEW , WKY was the host with LEW as the BM donor. The regeneration of host BM cells in chimeras constructed under various irradiation dosages was determined. Both strains survived irradiation at 60-80 Gy after BM grafting (online suppl. fig. 1a ; for all online suppl. material, see www.karger.com/doi/10.1159/000438929). Chimeras, which were irradiated at 60 Gy, showed half of their BM cells to be the host's origin at day 42. The majority of lymphocytes isolated from lymph nodes or PBLs of these rats were of the host's origin (online suppl. fig. 1b ). Thus, the chimera constructed at 60 Gy was not suitable for study. On the other hand, in the chimera irradiated with 80 Gy, nearly all BM cells showed donor's genotype (online suppl. fig. 1b ). However, a significant portion of T cells from PBL was still of the host's origin. Since it was the maximum non-lethal dose, 80 Gy was applied for construction of chimeras.
BM-Derived Cells Determine Susceptibility to Glomerular Inflammation
Twenty WKY LEW (i.e. WKY with LEW's BM) rats were immunized with pCol(28-40). Immunized WKY LEW rats were daily monitored for their albuminuria. Over 72% of rats did not show any signs of albuminuria ( fig. 1 a) . Histological examination at day 60 demonstrated a complete absence of any inflammation in 14 out of 20, mild inflammation/fibrosis in 4, and significant inflammation/fibrosis in 2 ( fig. 1 c, e). None of any control WKY LEW , which received CFA only, developed albuminuria or glomerular inflammation ( fig. 1 c) . To further rule out any influence of radiation on susceptibility to GN, 7 auto-BM graft WKY WKY rats were constructed and immunized. All rats developed severe albuminuria after day 20 ( fig. 1 a) . BNU in these rats reached 181 ± 27 mg/dl at day 45, with a 24-hour urine albumin/ creatinine ratio of 561 ± 72. These rats had to be euthanized due to rapid worsening of their heath condition. Histology showed severe fibrosis in nearly 100% of glomeruli ( fig. 1 c, fig. 1 d, f) . BUN in those rats elevated to 67 ± 16 mg/dl. Their 24-hour urine albumin/creatinine ratio was 162 ± 20. In contrast, albuminuria or glomerular inflammation was not observed in any LEW WKY , which had received CFA only. In addition, none of 6 auto-BM graft LEW LEW rats developed albuminuria or GN upon immunization ( fig. 1 d, f) . Thus, BM cells from WKY were responsible for GN in LEW WKY rats.
T Cells of Host's Origin Does Not Determine GN Susceptibilities in BM Chimera
The aforementioned experiments did not rule out the involvement of T cells in GN susceptibility because many host's T cells had survived irradiation. We next created chimeras with most T cells being the host's origin. WKY rats were used as hosts because of their high susceptibility to GN. Any potential pre-T or T cells were depleted from donor LEW's BM cells ( fig. 2 a) . T cells from thymus or lymph nodes from naïve WKY rats were co-transferred with T-cell-depleted LEW's BM cells into irradiated WKY rats. These chimeras with co-transfer of host WKY's T cells were first examined for the origin of myeloid and T fig. 2 d) . Only 4 developed significant albuminuria (2,000 mg/dl). Eleven rats showed normal glomeruli and 4 with very mild GN at day 45 ( fig. 2 e, f) . Interestingly, mild glomerular fibrosis was observed in those rats with mild GN. Three additional WKY LEW / T WKY rats were immunized for measuring T-cell response at day 20. All 3 showed a strong T-cell proliferative response to pCol(28-40), which was similar to immunized WKY rats ( fig. 2 g, h) . Therefore, LEW myeloid cells, but not WKY's T cells, were responsible for GN resistance in WKY LEW /T WKY chimeras.
Immunized LEW WKY Chimeras Do Not Develop Glomerular Fibrosis
Both immunized WKY and auto-BM graft WKY WKY rats developed glomerular fibrosis after 35 days and died after 45 days. However, immunized LEW WKY rats survived until the end of experiment (84 days) despite persisting severe albuminuria ( fig. 1 b) . Histopathology showed that both WKY WKY and LEW WKY rats had greatly enlarged glomeruli ( fig. 3 a) fig. 3 g) . In contrast, WKY at day 45 showed collapse of capillaries with effacement of foot processes.
LEW WKY Rats Develop Persistent Glomerular Inflammation Similar to That in WKY Rats before Fibrosis
We quantitatively compared GILs between LEW WKY rats and WKY rats at day 35 (i.e. inflammation peak). Previous analyses on GILs in immunized WKY rats have detected 4 populations: (1) CD4 + T cell, (2) CD8 + T cell, (3) CD11 + macrophage, and (4) CD11 + CD8 + cell [19, 21] . Three immunized LEW WKY rats with severe albuminuria (4,000 mg/dl) were selected for isolation of GILs at day 35. Similar to those in the immunized WKY rats, the largest population was CD11 + phagocyte, followed by CD4 + CD3 + T cell with CD8 + CD3 + T cell the smallest ( fig. 4 a, b) [21] . Relative sizes of the above 3 populations were comparable to those in WKY rats at day 35 ( fig. 4 c) . GILs from 3 LEW WKY at day 70 with persistent severe albuminuria showed a similar GIL composition ( fig. 4 c) . As expected, flow cytometry did not detect any sizable GIL populations in WKY rats at day 45 due to replacement of inflammation by severe fibrosis ( fig. 4 a, c) [20, 21] .
We next examined 3 subsets of infiltrating macrophages (i.e. ED1 (CD68) + , RT1B
+ , and RT1B + ED1 + ) in situ in LEW WKY and WKY groups. RT1B + ED1 + subset was the most populous ( fig. 5 a, b) . No statistically significant differences were observed in the number of all 3 subsets among LEW WKY at day 35 and 70, and WKY WKY at day 35 ( fig. 5 b) . Distribution patterns of those macrophages were also similar among those groups. They either formed masses within glomeruli or crescent-like clusters in Bowman's capsule ( fig. 5 a) . As expected, only few, if any, macrophages were present in WKY WKY rats at day 45 ( fig. 5 a) . Fluorescent intensity of RT1B on individual macrophage in glomeruli was measured as an activation marker for macrophages [24] . Glomerular macrophages in both WKY and LEW WKY groups showed significantly higher density than that of resting residential macrophages ( fig. 5 c) . Thus, the composition, number, distribution pattern, and MHC II expression of macrophages in the inflamed glomeruli of LEW WKY rats were similar to those in immunized WKY WKY rats at day 35 prior fibrosis. RT1B + cells (macrophages and DC) were isolated from glomeruli of LEW WKY rats ( fig. 5 d) . Genotyping showed that they were of WKY origin ( fig. 5 d) . Thus, glomerular phagocytes in both WKY and LEW had the same genotype of WKY. Finally, immunofluorescence detected GBM-bound autoantibodies in immunized LEW WKY rats at day 35 and 70 in a pattern similar to that in immunized WKY rats at day 35 ( fig. 5 e) . Thus, T-cell-initiated 'B cell epitope spreading' had also occurred in LEW WKY rats [25] .
Discussion
The use of different BM chimeras between WKY and LEW enabled us to demonstrate that glomerular inflammation and fibrosis were sequential events, which were controlled by BM-derived cells and by glomerular cells, respectively. By co-transfer of T-cell-depleted donor's BM cells with host's T cells, we further showed that susceptibility to glomerular inflammation was determined by BM-derived non-T cell populations. The activation of pathogenic CD4 + T cells is a prerequisite for the initiation of glomerular inflammation as well as anti-GBM antibody production [17, 18, 25] . Activation of T cells was demonstrated in the chimeras ( fig. 2 ) . The key question is: Which BM-derived cell populations control susceptibility to glomerular inflammation in parallel with T cells? We have shown that a BM-derived RT1B + CD8αα + DClike population is associated with GN resistance in LEW rats [19] [20] [21] . We have further shown that transfer of LEW's RT1B + CD8αα
+ cells attenuates severity of GN in WKY rats [26] . Thus, GN resistance in WKY LEW rats may be due to this DC-like population from LEW's BM. A copy-number polymorphism on the Fcγ receptor 3 gene has been linked to GN susceptibility [4] . Fcγ receptor 3 is expressed in many types of macrophages and DC. This finding suggests an association of certain types of macrophages/DCs with GN susceptibility. By transfer of fractionated BM stem cells, our model may be able to eventually identify the populations, probably macrophages or DC, responsible for GN susceptibility in this rat model.
It has suggested that fibrosis is related to, but independent of, inflammation [27, 28] . Results in our study supported this concept. Despite persisting glomerular inflammation, LEW WKY rats did not develop glomerular fibrosis. We quantitatively compared the inflammation between LEW WKY and WKY rats. The number, composition and distribution pattern of GILs were very similar to each other. In addition, persistent severe albuminuria in LEW WKY rats was evidence of a severe glomerular inflammation. Thus, the absence of fibrosis in LEW WKY rats is unlikely due to less severe inflammation. This is supported by the fact that glomerular fibrosis was initiated in a few immunized WKY LEW rats with mild inflammation. However, it is necessary to determine the molecular nature of the inflammation. Because glomerular infiltrating macrophages in both LEW WKY and WKY were of WKY origin, one major difference between LEW WKY and WKY rats is their glomerular cells. Thus, even the molecular nature of inflammation is different between the 2; this difference is still likely caused by the local glomerular cells. Several previous studies using BM transfer models also supported that glomerular cells may be a determining factor for glomerulosclerosis [8, 9] . As fibrosis in GN may be a physiological response to irreparable GBM damage and glomerular hemorrhage rather than being an overreaction of healing/repairing process, is it possible that fibrosis will eventually occur in LEW WKY rats? Fibrosis in crescentic GN could be associated with both scarring and loss of functional glomeruli because of the failure to precisely realign and heal disrupted basement membranes. If that is the case, the more significant mechanistic question in our model is: What are the glomerular cells and/or expressed genes involved in conveying to the glomerulus and its GBM either protection or susceptibility to the necrotizing and destructive processes?
In human glomerular diseases, regardless of their etiology, glomerular fibrosis is a common consequence leading to end-stage renal diseases [1, 2] . In many cases, diseases do not enter the fibrosis phase when they are diagnosed. Merely inhibition of ongoing glomerular inflammation may not necessarily lead to normal healing. A method of interruption of fibrotic process is a primary goal for the development of an intervention strategy [3] . Although TGF-β/Smad pathway has been a therapeutic target for many years, a successful treatment through inhibition of this pathway has not been developed due to complicated consequences. Investigators have begun seeking new therapeutic targets such as macrophages and stroma cells [29] [30] [31] . On the other hand, it remains poorly understood as to how initial damage or inflammation leads to the overactivation of TGF-β/Smad pathway in various organs in many human diseases. Elucidation of events that bridge between injury/inflammation and activation of the TGF-b/Smad pathway will provide us with more opportunities to develop intervention strategies for preventing fibrosis de novo, even after the onset of clinical symptoms of a renal disease. From this perspective, our model provides a unique tool for elucidation of such events that occur prior to fibrosis. Our finding in this model is in agreement with many previous studies in several organs (i.e. injured tissues play a critical role in directing re-generation or fibrosis) [6, 30, 31] . Balance in expression of a group of genes, including stromal-derived factor-1 receptors, CXCR7 and CXCR4 in sinusoidal endothelial cells post-injury, is the determining factor for regeneration or fibrosis [30] . Expression of certain renal epithelial injury-related molecules leads to renal fibrosis [31] . Many cellular and molecular mechanisms have been explored [32, 33] . Importantly, several studies have pointed out that cross-talk among injuries/inflammation and somatic cells leads to this balance [15, 16, 33] . Thus far, it is difficult to interpret such complicated cross-talk and/ or expression patterns using the vitro model alone. Therefore, pairs of LEW WKY and WKY WKY rats will facilitate the investigation of such cross-regulations because both rat strains are able to develop similar glomerular inflammation but with opposite consequences (i.e. persistent inflammation versus fibrosis). A systemic comparison of glomerular gene expression patterns between immunized LEW WKY and WKY WKY rats at different pathogenic phases will be the first step leading to identification of crosstalk related genes.
